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EFFECT OF FINITE CURRENT CHANNEL WIDTH
ON THE COLLISIONAL ION CYCLOTRON INSTABILITY

I. INTRODUCTION

It is well known that an equilibrium magnetic field-aligned current
can result in the growth of obliquely propagating electrostatic ion-
cyclotron waves in collisionless [Drummond and Rosenbluth, 1962] and
collisional [Milie', 1972; Chaturvedi and Kaw, 1975] plasmas. This
instability has extensively been investigated in the laboratory machines
[D'Angelo and Motley, 1962; Cartier et al., 1985], and is believed to have
been observed in the auroral ionosphere [Kelley et al., 1975; Yau et al.,
1983; Fejer et al., 1984]. The linear and nonlinear theory of this
instability applied to the auroral ionosphere is also well developed
{Kindel and Kennel, 1971; Chaturvedi, 1976; Satyanarayana et al., 1985].
The field-aligned currents in the auroral’ ionosphere are an integral part
of the ‘ionosphere-magnetosphere coupling system and it is fairly well
establisned now that these currents can be highly nonuniform in structure,
[Burke et al., 1983; Bythrow et al., 1984]. -0Often, the current system is
in the form of sheets which have variable thicknesses. Earlier efforts to
study the oscillation modes of the finite current sheets included those by
Elliott (1975] and Dungey and Strangeway [1976]. ® An attempt to study the
effect of finite width of a current sheet on the current driven
collisionless ion acoustic instability was made by Hwang et al. [1983F with
applications to the auroral situation.  They found that the finite
tnickness of a current sheet results in partiall} stabilizing the systen
and contributes to the coherence of the excited waves. Bakshi et al.
£1983] nhnave studied the problem of finite width currents on the

collisionless current driven ion cyclotron instability and found that for

Manuscript approved September 5, 1985.
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sufficiently narrow current channels the mode is stabilized (for L, <

i i
RS v A AP

few pi where Lw is the width of the current channel and pi is the mean ion

—, -

vy

Larmor radius). Iﬁ'phis paper we’ investigate the effects of a finite width .

Y™

current channel on the collisional ion cyclotron (CICI) instability. We

Sl 1 ey
.

find that the instability can also be stabilized for sufficiently narrow N

~3

current channels. - ’ ;
a3 The organization of the paper is as follows. In the next section we
N present the basic assumptions and the derivation of the mode equation., 1In
O Section III we present an analysis of the mode equation, both analytical
and numerical. In the final section we summarize the results and discuss

applications of the theory to laboratory and space plasmas.

II. DERIVATION OF THE MODE EQUATION
The geometry and plasma configuration used in the analysis is shown in
Fig. 1. The ambient magnetic field is uniform and in the z-~direction

~

(8 = 8, ez], while equilibrium current is non-uniform in the x-direction 2

"
»

and is directed in the z-direction [Q = Jo(x) ez). The current is assumed N

.
L S e I
LY I Y D Rl

to be carried by the electrons. The density and temperature are taken to
be homogeneous. For simplicity, we consider cold ions (Ti = 0). Also, we -

) consider a weakly collisional plasma in the sense that Vei® Ven << Qe and R

» v, << Qi where v

. vie in represents the collision frequency between species "
.

ab
N a and b.
- The bvasic equations used in the analysis are continuity, electron and

-- ion momentum transfer and current conservation:

X T ot ot s v

vx8) - 2By y et (2)
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Veg=V-fenfy, -V ])]=0 (4)

where

and « = e, i for electrons and ions, respectively. The rest of the symbols
have their usual meanings. The electron fluid is assumed to have an
equilibrium drift velocity, in the z-direction and is non-uniform in the x-

direction, i.e., V. = Vo(x) ez. The zero-order current is expressed as

0

A

Io(x) = = nge Vy(x) e, : (5)

where we take

2,13 (5)

. 2,2
Vy(x) = Uy exp (= x®/ng) = vy (1 = /g
Here we have used a parabolic representation of the finiteness of the
current along the x-axis, which 1s an approximation for the normal
distribution with a half-width of Lw.

The standard procedure 1is followed in carrying out the Ilinear

stability analysis. The plasma quantities are split into equilibrium and

perturbation parts, fa = an + Gfa, and the perturbed quantities are
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assumed to vary as &f (x) ~ &f (x) exp (ikyy + ik 2z = iwt). The perturbed

ion and electron equations of continuity and momentum transfer are combined

to yield
sn.  w, c2(k° - 32/ax2)
—ls—1 S y w (7)
nO w 2 2
w1 - Qi
and
én v W
-1
H—e=(1-1;§)¢=rw (8)
0 : k-v
zZ e

: 2 2 _
where, w, = w *+ lvin’ cs = Te/mi’ ve Te/m sy V. TV * V.., V= e6¢/Te

1 e e en el

and wy, = w - KZJO(X).

In deriving (7) and (8) we have made several simplifying

assumptions. The 1ion temperature 1is neglected (Ti = O), parallel ion
. . 2,2 2,2

motion is neglected (m >> k ¢ ), K77k >> v /9 is assumed, and the
2's 1 Z e e

electrostatic assumption is used (8E = -~ V§¢). We further make use of the
quasi-neutrality assumption (6ni = Gne) to derive the nonlocal mode

structure equation. From (7) and (8) we find that

2 -
ey =0 (9)
dx
where
Q(x) = ["‘ k§ + g: (w12 - TJF], (10)

Vol e ik W 1




s T
'ﬁf I is defined in (8), and we have written the variables in the following
o] dimensionless form: w = m/Qi, X = x/ps, Wy =Wt dvs w, T kyvO’
"ﬂ -~ -~ -~ R ~
; v, T va/Qa, ps = cS/Qi, ky = Kyps, kz = kzps’ d = Lw/ps, VO = VO/CS, and
e Vo(x) = VO[1 - x2/d2). For convenience, we will drop the caret over the
- symbols.
N
g III. ANALYTICAL AND NUMERICAL RESULTS
ji We solve (9) numer.cally for the parameters appropriate for the
auroral ionosphere and obtain the nonlocal growth rate of the collisional
50 ion-cyclotron modes modified by finite current channel width effects.
2 .
{j Before presenting these results, we first present approximate analytic
e solutions of (9). For ki >> Volys We write (9)
2 2 ,
4%, B-cxly=o0 (12)
o 2
-~ dx
- where
- Vals
B=[~«k +“’—(w2—1){1+1e } (13)
J w 1 2
O 1 . K
- z
.. v V
- Com iR (42 1) 20
AN 1 k,d
W Equation (12) is of the form of Weber's equaticn which has solutions
<
g determined in terms of Hermite's functions. The eigenvalue is determined
‘PJ'
f from
f:'
- B2 = (2m + 1)C (14)
o
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where m = 0, 1, 2, ... is the mode number. For m = 2 mode, we fird that

m$—1 =k§{1 -i—g'wz)}A (15)
kZ
where
v
2 Ve'0,1/2
{lo] = 1) 31 E b
1-1 z Wy

a=[1+ — 5 ] — (16)

d K

y

For d = L.w/pS + ®, A =y,/w and (15) reduces to the usual dispersion

relation for the infinite current channel width case

w
<. (17)
w

Ariting w = w, + 17, with |7} < W s one obtains the real frequency anrd
growth rate expressions for the case of linear current driven collisional

ion-cyclotron instability in the local approximation,

w. = (1 + kz)W (18)
r . y
and
ki rVOkz
f ’—l—2've L_"‘?J“vin {(19)
242 r

Physically, the instability arises due to the Doppler effect caused by
parallel electron streaming. This results in wave growth via electron

dissipation (an when the electron drift speed exceeds the parallel wave

pnase vslocity [Chaturvedi and Kaw, 1975].
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The nonlocal growth rate is given by [from (15)]

(62 = 1) "evo}wz
2 YT K
ky Vel kZVO 1 Z
Y=2w[2 (w - 1) - — 5 ] (20)
k. r ‘ VY2 d ky

where we have assumed Vip = 0 for simplicity. The condition for marginal

stability (Y = O) is therefore, approximately,

2 0
{{w; = 1) }
Lw ki r kz
d = — = [—= 5 ] (21)
Ps V2 vk Ve k
0z y
~ - ~ _ -3 ~ _ - . . -
For VO 30, vy = 10 -, ky 0.5, Vin 0, one finds Ly Hps.

We note that a similar stabilization criterion was also obtained by
Bakshi et al. [1983] for the collisionless ion cyclotron instability. The
physical interpretation of the stabilization of the mode due to the
finiteness of current channel width is as follows. The finite current
channel profile considered here has a maximum value of VO and tends to
VO + 0 at ;x;y » d. The nonlocal growth rate is the mode growth due to all
the regions of Vo(x) that are sampled by the wave packet, and is zero for
1 X > d. Clearly, the growth rate obtained in the finite width channel
case is reduced from the case in which the current sheet would be infinite

at its peak value, ¥ Thus, the wave packet "sees™" an effectively reduced

0

electron drift speed in the finite-width current channel case, and, for
sufficiently narrow channels, this 'effective' drift speed may not be large
enough to exceed the parallel wave phase speed so that the mode is j

stabilized.
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The nonlocal wave equation (14) was solved numerically for parameters
appropriate to the auroral ionosphere. The growth rate (Y) was computed as
a function of the half=-width of the current-channel (Lw). Figures 2-5 show
the behavior of the nonlocal growth rate of the current-driven collisional
ion-cyclotron instability for various parametric dependences. For all the
cases considered, the transverse wavelength was chosen such that kyps = 0,5
and the parallel wavelength was chosen corresponding to the maximum growth
-3

ratef in Fig. 2 we pliot (/Qi versus Lw/ps for ve/ﬁe =10 and

Vip = 0, and two drift velocities, Vo/cs = 20 and 30. We find that for
larger drift velocities, complete stabilization occurs for narrower
channels, or in other words, the instability persists for smaller width-
channels than in the case of smaller drift velocity. Figure 3 depicts thne
dependence of the Y/Qi versus L.w/ps as a function of electron collision
frequency [ve) for VO/CS = 30 and Vip T 0.0. Since the instability 1is
resistive in nature, the growth rates are higher for larger collisicnal
frequencies. Therefore, for mode stabilization, the higher the electron
cecllision frequency the narrower the channel-width required. The effact >f
ion collisional~damping is illustrated in the Fig. 4 where we plot ‘!/Qi

vor = Ed -3
yersus Lw/ps for Vy/cg = 30 and ve/Qe 10

and several values of vin/ﬁi.
The inclusion of the ion-damping introduces a threshold value for the
electron drift velocity for the instability which is larger than the
parallel phase velocity of the mode. Thus, in the presence of ion
collisions, the mode can become stabilized for wider current-channels than
in the case when Yin = 0, Finally, in Fig. 5 we plot Y/Qi Versus Lw/ps

for different mode numbers for the parameters Vig T 0, ve/Qe - 10-3, Vo/cS

= 39. The lowest order mode (m = 0) has the largest growth rate and higher

modaes have dec¢reasing gzgrowth rates., Thus, tne higher order modes are
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stabilized for wider current-channels compared to the m = 0 mode. We note
that the stabilization width is Lw/ps = 4 ijn Fig. 5, which is in agreement
with the current-channel-width computed for stabilization from the analytic

expression (21).

IV. DISCUSSION

We find that the finite transverse width of a current-channel has an
overall effect of reducing the growth rate of the collisional current
driven ion cyclotron instability from the value obtained in the local
approximation, and for sufficiently narrow channels can stabilize the
instability. For typical auroral ionosphere parameters, i.e., Vo/cS =

3

30, ve/Qe - 10 ’ vi/Qi - .02, it seems that the complete stabilization of

the instability can occur for current-channel widths Lw/pS <25 (or
Ly € 250 m since Py = 10 m). Observations indicate that the cﬁrrents often
flow in sheets with thicknesses in ionosphere on the order of ~ km [Burke
et al., 1982]. Thus, it is poséible that this instability may still be
operative in ionospheric situations provided the currents are intense

enough (so that the electron drift velocity is above the threshold

level). These results are qualitatively similar to those of Bakshi et al.

[1983] who considered¢ the case of current driven collisionless ion-

cyclotron instability.
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There are some recent laboratory experiments on the excitation of ion-
cyclotron instability by a field-aligned current [Cartier et al., 1985].
By varying parameters, one may be able to scan the domain of current driven
EIC instability 1in the collisionless and collisional domain in these
experiments and thus check the results of the present work (collisional
domain) vis-a=-vis the work of Bakshi et al. [1983] (collisionless
domain). We note that the theoretical treatment of both these domains for
the current-driven EIC instability has been recently carried out in the

local approximation by Satyanarayana et al. [1985].
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